ABSTRACT: The Roseobacter lineage is an important group of bacteria in the marine environment. Silicibacter pomeroyi DSS-3 has been used as a model strain for understanding the biological and ecological relevance of this group. Recently, a phage (Φ1) which infects S. pomeroyi DSS-3 was isolated in our laboratory. Mutants of DSS-3 that are resistant to phage Φ1 were also obtained. A comparison of the protein expression profiles of the wild type, DSS-3, and the phage Φ1-resistant mutant M1 identified a potential phage resistance response due to the modification of 4 highly expressed proteins. One of these 4 proteins was successfully identified via mass spectrometry, and matched a hypothetical protein (SPOA0343) in the S. pomeroyi DSS-3 genome. Although the type of protein modification has not yet been determined, our results suggest that bacteria could become resistant to phage infection via protein modification. Studies on phage resistance of S. pomeroyi DSS-3 could provide new insight into the complex relationship between marine bacteria and their viruses in the natural environment.
INTRODUCTION
Viruses are the most abundant biological entities (~10 30 ) in the sea (Fuhrman 1999 , Suttle 2007 , and natural marine viral communities are usually dominated by phages (Weinbauer 2004) . They can infect and lyse prokaryotic cells and, by so doing, influence microbial food web processes, biogeochemical cycles, and the structure of microbial communities (Fuhrman 1999 , Wilhelm & Suttle 1999 , Bohannan & Lenski 2000 , Weinbauer 2004 , Mann 2005 , Suttle 2005 ). Meanwhile, prokaryotic cells are also able to defend themselves against phages by deploying anti-phage mechanisms. Bacteria are able to gain resistance to phages via various mechanisms, including (1) adsorption inhibition due to changes in receptors utilized by the phages for infection; (2) DNA penetration blocking; (3) restriction/modification; and (4) abortive infection (Hill 1993 , Allison & Klaenhammer 1998 , Weinbauer 2004 . Recently, another novel counter-infection approach based on clustered regularly interspaced short palindromic repeats (CRISPRs) in the bacterial genome was discovered (Barrangou et al. 2007 , Horvath et al. 2008 . The ongoing 'arms race' between phage infection and host defense has important consequences for their coevolution by directional selection (Buckling 2002) .
The Roseobacter lineage is widely distributed in various marine environments and represents one of the most abundant bacterial populations in the sea (Buchan et al. 2005 , Wagner-Döbler & Biel 2006 . Members of the Roseobacter are important to the ocean's carbon and sulfur cycles (Gonzalez et al. 2003 , Moran et al. 2003 , Buchan et al. 2005 , Wagner-Döbler & Biel 2006 , Moran et al. 2007 ). Many studies have been performed on the roseobacters, but little is known about their phages and few have been isolated (Rohwer et al. 2000 , Zhang & Jiao 2009 , Zhao et al. 2009 ). The interaction between roseobacters and their phages is poorly understood.
Silicibacter pomeroyi DSS-3, isolated from coastal water off Georgia, USA, is a member of the Roseobacter lineage (Gonzalez et al. 2003) . It serves as a model system for studying the ecophysiological traits of marine roseobacters. The genome sequence of DSS-3 indicates that S. pomeroyi is involved in several important processes, including carbon monoxide oxidation, sulfur-based reactions, aromatic compound degradation and secondary metabolite production (Moran et al. 2004) . Thus, studies on DSS-3 could provide important insights into this organism's ecological role. Recently, a lytic phage (Φ1) from Chesapeake Bay, USA, which infects S. pomeroyi DSS-3, was isolated in our laboratory. In addition, mutant strains of DSS-3 that are resistant to phage Φ1 were also obtained.
To learn what kind of changes at the protein level enable DSS-3 to become resistant to the infection of phage Φ1 we applied 2D gel-based proteomics to compare the total protein profiles between the wild type (DSS3) and a phage (Φ1) resistant mutant strain (M1). We demonstrated that proteomics is a useful tool for investigating bacterial anti-phage mechanisms. To the best of our knowledge, this work constitutes the first application of comparative proteomics to the study of phage resistance.
MATERIALS AND METHODS
Silicibacter pomeroyi DSS-3 was kindly provided by M. A. Moran at the University of Georgia and grown in YTSS medium (4 g l -1 yeast extract, 5 g l -1 Tryptone, 20 g l -1 sea salt, and distilled water) at room temperature (ca. 25°C). Phage Φ1, which infects DSS-3, was obtained by challenging the DSS-3 cultures against the viral concentrates (5 to 10 ml) collected from Chesapeake Bay. Phage Φ1 was clonally isolated using the plaque assay (Adams 1959) . The lysate of phage Φ1 was purified using the CsCl density gradient ultracentrifugation method as previously described by Chen et al. (2006) . The morphological feature of phage Φ1 was observed by transmission electron microscopy (TEM).
To isolate the phage resistant strains, the DSS-3 culture was incubated with a high titer of phage Φ1 (Kemp et al. 1993 ) for 30 min, and plated out using a plaque assay. No growth of bacteria was evident in the first few days of incubation, compared to the control (DSS-3 with no phage added). Some bacterial colonies appeared after 1 wk, and these bacterial colonies were picked and clonally purified again. The mutant M1 examined here is one of the phage Φ1 resistant strains.
To obtain the growth curves of wild type DSS-3 and mutant M1, both cultures were incubated in liquid YTSS medium at 25°C with a shaking speed of 200 rpm. Subsamples were obtained at 2 h intervals and absorption was determined at a wavelength of 600 nm using a spectrophotometer (Smartspec TM Plus, Bio-Rad). Proteins were extracted from the exponentially growing DSS-3 and M1 cells at an optical density (OD 600 ) of ~1.0 and analyzed using the 2D polyacrylamide gel electrophoresis (2D-PAGE) following the protocols previously described by Kan et al. (2005) . A total of 150 µg of protein from each culture was used for the 2D-PAGE analysis. The proteins were separated on pH 4 to 7 immobilized pH gradient strips (11 cm), followed by 8 to 16% gradient precast polyacrylamide gels. The gels were stained with SYPRO Ruby and imaged using a Typhoon 9410 Imager. Analysis of the gels was accomplished using ImageMaster 2D Platinum 5.0 software. Finally, the differentially expressed protein spots were manually excised from gels and identified via Matrix-assisted laser desorption/ionization time-of-flight mass spectrometry (MALDI-TOF MS) as described by Kan et al. (2005) .
RESULTS AND DISCUSSION
Phage Φ1 is a lytic phage that infects Silicibacter pomeroyi DSS-3 and forms small, clear, round plaques (ca. 1 to 2 mm in diameter) on the bacterial lawn. Phage Φ1 has an isometric head (ca. 70 nm in diameter) and a long, flexible, non-contractile tail (ca. 142 nm long) (Fig. 1) . It contains double-stranded DNA and has a genome size of 63.5 kb (data not shown). Phage Φ1 belongs to the family Siphoviridae.
Upon superinfection, phage Φ1 was able to kill nearly all the host cells, thus turning the plate clear. Several surviving colonies were observed on the plate 1 wk after the infection. These phage-resistant mutants were isolated and purified, and mutant M1 was picked for further study. After transferring M1 for at least 100 generations, it was still resistant to phage Φ1, suggesting the occurrence of an enduring mutation in the host cell, rather than a mere physiological response. Meanwhile, the heritable nature of phage resistance suggested that the anti-phage mechanism of M1 was unlikely to be abortive infection, since abortive-type defenses usually result in the destruction of the host cells (Weinbauer 2004) .
Obtaining resistance to phages is often accompanied by a decrease in the competitive ability of the bacterial cell (Bohannan et al. 2002) . Most phage-resistant mutants achieve phage resistance through the loss or modification of the receptor molecules on the cell surface (Lenski 1988) , which are often involved in aspects of bacterial metabolism such as the uptake of nutrient sources. Thus, gaining resistance to phages frequently comes at the expense of a reduced competitiveness of the host bacterium (Lenski 1988) . Interestinlgy, DSS-3 and M1 showed nearly identical growth curves (Fig. 2) , indicating that the growth rate of DSS-3, when incubated in the YTSS medium, was not reduced after becoming resistant to phage Φ1. It is worth noting that the cost of phage resistance can usually be influenced by environmental parameters. For example, a phageresistant mutant cultured in varied growth-limiting resources may encounter different degrees of reduction in competitiveness. A nutrition-rich resource can usually partially offset the cost of phage resistance of a cell (Bohannan et al. 2002) . Additional studies are still needed in order to understand the competitiveness of a phage-resistant bacterium like M1 under different growth conditions.
Using the 2D-PAGE method, we compared the proteomes of DSS-3 and M1 during the same growth phase incubated under the same condition. Remarkably, we found that 4 additional proteins were overexpressed in M1 as compared to DSS-3 (shown in the circled area of Fig. 3) , while all other proteins of the 2 bacteria nearly completely matched. The 4 'shifted' proteins shared similar molecular weights with their parental proteins, but their isoelectric points (pI) moved towards the alkaline spectrum (from pI 4.9 to pI 5.0). The protein spot 'a' and its parental protein spot 'A' were identified as the same protein, matching the hypothetical protein SPOA0343 from DSS-3 (NCBI accession no. GI56709125). The other 3 proteins below spot 'A' were not characterized successfully, probably due to the relatively lower yield of proteins or a contamination issue. Regardless, our result suggests that modifications of hypothetical protein SPOA0343, and perhaps those 3 uncharacterized proteins, are likely involved in the phage resistance processes. Whether such a protein modification is phage-specific or a general response to other environmental stresses deserves further studies.
Covalent modifications to protein structures occurring either co-or posttranslationally are an important component of protein regulation and function. Over 200 different modifications have been described (Krishna & Wold 1993) . Many, such as phosphorylation and dephosphorylation, have well-documented roles in signal transduction and the regulation of cellular processes (Krishna & Wold 1993) . Dephosphorylation can shift the protein pI to the more alkaline spectrum. The type of protein modification for these 4 proteins in the phage-resistant mutant M1 has not been characterized yet and remains to be investigated. This exploratory study demonstrates that comparative proteomics is a powerful tool for studying phage resistance in bacteria. Our results indicate that bacteria may gain resistance to phage infection via the modification of translational proteins. It would be interesting to explore whether such a phage-defense mechanism commonly exists among roseobacters or other bacteria. 
